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APPARATUS FOR DIRECTING PARTICLES IN A FLUID 



A ' 

INTRODUCTION 

When art ultrasound standing wave Is created In a $u$pens5cn of particles a force Is exerted on the 
particles either towards the pressure nodes or tne ahtinodes. For example, bacteria irt an aqueous 
suspenstorjinove towards the pressure nodes. TTus te because the ntass density and the speed of 
sound In the celts am greater than the respective values of the medium. In contrast, oft droplets or 
air bubbles dispersed {n water move towards the pressure anttnotfes, because thefr density and 
speed of sound are lower then for the medium. The magnitude and direction of these acoustic; 
radiation forces nave been discussed elsewhere (K/ng, 1934; Yo$loKa <?nd Kawasima, 1955; 
Gortcov. 1962; Nyborg, 19S7; Qtumj 1971 ;'<3pufd' and Coakiey, 1974; WhilworVt and CoaWey, 
1S92; Ortecfti, 1998). The subject of this paper is fhe position of nodes within the chamber Itself, 
This fe'of particular importance for the development of short pathiength chambers that contain a 
single node (Johnson and ?eke, 1995; Hawkes and Coakley. 2001; Hawkes et al., 2602), The 
Reynolds number is very low for such short patfuength chambers (e.p. 11 ft?r a 0.25 mm chamber 
wrth en average flow velocity o? 60 mm/s) with laminar flow conditions throughout Hie chamber* Two 
applications for these systems currently under development are: 1) a partlde filter consisting of a 
chamber with a region' of standing v/^ve* radiation where parties are moved fo a central nodat; 
position, followed by a regfon which takes advantage of the laminar flow where the clear medium on' 
either side of the central particles ts drawn away (Hawkes et al M 2002; Hawkes and Coakley, 2001);' 
2} a $ystem to enhance the particle capture rate of biosensor surfaces by driving particles to the 
wall of the chamber (unpublished). 

The aim of thte paper Jo describe- lundarhemai design critertev which must be applied for the 
development of any ultrasound system where node' positioning is required. Four positions where the 
node can be pieced between two chamber wads wifl tie considered, -these are against the 
transducer wan, centrally between [he walls, against the reflector waif and against both walls. The 
method for calculating the node positions is based* on the transfer matrix multilayer model. The 
reliability of this model was tested previously (Hawkes et a?., 2002), here ft Is used as a design tool. 



Table 1 Materiatprapertie£ . 





PlazbceramccA 


Steely D 


Water C 


Speed of sountf • trn/s) 


4080 


£100 


1500 


Mass density pcg/m 3 } 


* 770Q 


7800 


1000 


Acoustic? nullity factor 


1000 


1000 


iooo 


Dl#eotric constant [Rm} 


• 1^2x-«0^ 






Tangent of dielectric loss angla 


3.0x10* 






Electromechanical coupling factor 


0.48 






Electrode area [ram 7 ) 


20Q 






Thickness Q = A/4 (@ 3 MHz) [iTtrnJ 




0.508/ i. 


0.125 


Thickness H = A/2 {@ 3 MHs) frnnfl 


0.B8G 


1s016* 
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SIMULATION CHOICES 

A model (Nowotny and Bertes. 1987; Nowotny et aL, 1991) i > simulate acoustic wave propagation 
through a multilayer system used. This transfer matrix multilayer mode! has recently been 
experimentally validated in detgB (Hawke$ et el.. 2002; Gr& cht, 199B). Here the model has be$n 
run using data and construction details simBar tg those i sed for the experimental verification 
(Hawfces et a!., 2002], see Figure 1. The Ultrasound !s pnduced by a piezoceramic lay&r (A), 
transmitted to the water layer (C) through stainless steel if) and reflected by a second layer of 
stainless steel (D). The relevant properties of these (avers a e glvsn in Table i . The aim here is to 
describe general design principled For this purpose we choise a fundamental frequency of 3 MHz 
and bdqusBc quality factors of 1000 far the different layers (previous fitted quality factor results were 
150 and 350 for water and the piezoceramJc respectively, 
i0 r 0QO and manufacturer data for the.plezoceramlc is for 
ceramic to the transmission layer is not considered here. 
mflRCtor levers are modelled with values which at 3 MHz 
xfe and A/4. Ths corre$pond{ng dimensions In mm ane gl 
A/4 steps represent the extremes for the node positions, I , 
thicker layer?. For example* * W4 layer wi/l behave in a $fi 
a Xf2 layer wfll behave in a similar manner to Jt f 3^ 
wavelengths in a system will alter frequency spectra fcringi 



h8e data for pure water is mora than 
r. Furthermore, the^jiue layer to fix lhs 
e thicknesses of the transmission and 
exactly hJ2 % A/4 and 0 end for water 

In the last two rows of Table 1. These 
Its will be vary similar fbr systems with 
lar manner to 3A/4. 5X74 etc layers, and 
etc layers, increasing the number of 
ihe peaks closer together. 



Cpostruction codes 

The large numbers of constructions considered hem aref referred by the thictoiess values of the 
component layers In terms of wavelength at 3 MHr O =[ no layer, Q = }J4, H = \!2. The piezo- 
ceramtc layer Is modelled with oonstaht thfcKness of ik and Is not included in the code. The 

f^S^SfLl? by ^f*^' 0H ? for ^P 16 refers ta 3 instruction with no 
transmission layer, a/2 water layer (0,25 mm) and hH stairtlew steel reflector (0.50B mm). 



SIMULATION RESULTS AND DISCUSSION 

In Figures 2a end 2b the spatial distributions qf the pressure and the acoustic energy density alona 
5L!Si"!2 P* ^ctfon of me layers) are $wn for all .considered 

corri&inations of transmission layer and reflector thfcknfesses wah xm and 7J2 water (avar thick* 
^ S ^^P ertVe J^f or Recalculations it «a* a^umed that the electrodes of thTpfea^ 
cwamio are connected to sn eiecfric generator with a soiree voltage amplitude of 1 V and a source 
K^ISfJ? f.° °- s, "? e °!? ^ p outer surface of lhl reflector there always a pressure node! 
£5t£^"* lons 2* a, M H Ot.md-y are any codesjfor the transmission layer andthe reflector 
fcyer thickness, respectively) there is also a pressure ndtfe at the right boundary of the water la var 
2h£ ^hKS^^ *™ ^ xHHtthere is an addlSn a rpfe^re nXalfto 
S^i^ d f v - interface between layers B end C), ^pressure node In the middle of the water 
layer can only occur for a JJ2 water layer combined with/a A/4 reflector layer (code xHQ). As can be 
seen from the pressure scales, high vsluss of pressure are obtained particularly in cases where the 

Z Sf" * w <thK ° - ^ a «» w&SKRS? 

2£5SS2? 5 1 m * w ?* r ^ al» dependent on tha rafteotor thtekness For 0 

ffifth^Sf t *2 < f >des &coustic ***«y much higher iri^mteSor 

,.r]n^ tha condition of pon&iuiV fbr the 
terface- lhT=l»."3a-and 3b^the frequency 
for eij considered constructfons are shown;" 
source resistance of 50 Q were : a5sumedr 
is Is strongly dependent on frequency, tte 
input energy to the system, also vary with 
ijfent to predict the efficiency of a particular 
icy of 3 MH*. the acoustic energy density In 
i\ acoustic path length that equate a multiple 
OHO, QHQ, HH0 in Rg. 3b)* AJlhough this 
tFig. 3a) f th? results look very similar to the 
js similarity 5s not a basic property of thesa 



Ih^ m the adjacent >y#tep iqyer, because- for these g 
Jho sgme maximum value in .both layers. WsL-fofSr 
displacement that must apply et the. wa^refiecior i 
spectra of tha acoustic energy density In the water lay 
As fbr Fig. 2, a soured voltage amplitude of t V and 
Since the electric Impedance of the- mulfiteyar sv^te 
voltage at the plezoceramfo, as weU as the total elect* 
frequency. Therefore, these figures alone m& not euff 
construction. For the plexocerarnic^ resonanoe-frequ 1 
ihe w^terieyer shows maxima-for all designs with a * 
of 7JZ at 3 MHz (QQQ. QQ0, QQH, HQQ fn Rg. ^ 
condition te not fulfilled for fte designs OQH and HQ 
spectra for OQQ and HQQ f respectively. Howaver, 
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destens but is due to a smoothing effect on the energy density spectre that te caused by the 50 O 
source resistance in series with the piezoelectric structure. To illustrate this effect, m the upper nghl 
picture of Fig. 3a (design OQH) the' respective energy density spectrum for a zero source resistance 
is Included (black curve). This curve shows' a double peak, which Is characteristic for designs where 
the. total acoustic path length at 3 MHz does nof match a multiple of *J2- 

SStouMwr sho» a doubte PMk near 3 ^.£^S^%Sq qkO? Rn«W. «* »«i!M» 
which at 3 MH2 is large compared to. the resonator impedance. 

etimiter results for node positions and spectra have been obtained, although with altered peak 
%Si2S%Z c^ P ^S S of S oun§42eo m/s, mass KgJm^or silicon (speed of 

sound 8430 rate, mass density 2340 kotei*) were used In the simulators 

CONCLUSION . * 

tk» dKcussed series of desiens describe constructions which can be chosen to posittOP i partictos 

***^3 c^n^hTn-Ichamber. Moving ^J^SS^SS can bESSSdK 
chamber walls is also oossfcle by a chartjje in frequency. In particular, this can oe acnieveo in 
dtaSit Sfltr tS*Fnrtd»W be also moved from one wall totoe ofoar. ^ nMtto 
system efficiency, it is advantageous to operate near the pferaceramlc's fundamental resonance. 
Nonetheless, other operating frequencies may produce some useful systems. 
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claims" 

1. Apparatus for directing particles entrained in a fluid, comprising a chamber 
having a first wall comprising a material capable of generating a sound wave and a 
second* opposite wall capable * of reflecting the sound wave in which the first and 
second walls define a conduit for the passage of the fluid and in which, the frequency P 
of the sound wave, the thickness of the first and second walls and the width of the 
conduit are selected so as provide for The generation of a standing sound wave having 
a pressure node in the fluid at or adjacent the first and/or second wall of the chamber 
or the centre of the conduit 

2. Apparatus according to Claim 1, in which The first wall further comprises a 
material capable of transmitting the sound wave. 

3. Apparatus according to Claim 2 Clarcm 2, in which the thickness of the 
second waif is a multiple of X z J4 or X 3 /2 for the wavelength X * of the sound wav6 
therein and the width of the coaduh is a multiple of X r fl or X r /4 for the wavelength 
of the so und wave X f in the fluid. 

4. Apparatus according to Claim 3 wh£tt dependant on Claim 2, In which the 
thickness of fce material transmitting the s&sad wave i» the first wall is a multiple of 
X t /2 or X ; /4 of the aravetetfgth of the sound wave Therein X t- 



5. Apparatus according to any of Claims 1 to 4, in which the thidaiess of the 
material capable of generating the sjund wave is a multiple of X g /2 of the wavelength 
of the sound wave therein X fi . 



r 



6. Apparatus according to any preceding Clfliiru in which the total acoustic path 
length of the wave is a multiple of X t fl of the wavelength of the sound v*v$ Xr inthe - 
fluid. 

7. Apparatus according to my preceding Claim, in which the material Capable of 
generating ihe sound wave is a piezoc«ramic material. 

8. Apparatus according to Claim 7, in which the frequency v of tha sound wave 
is at or adjacent the resonant freqoency of the piezoc?ramic material. 

9. Apparatus according io any preceding Claim, in which the second wall 
comprises steal, carbon or silicon 

10. Apparatus according to any preceding Claim, in which the material in the first 
wall capable oftxaasirattiag the sound wave comprises steel, carbon or silicon* 

11. Apparatus according to any preceding Claim, further comprising a sensor 
capable of detecting the particles. 

12. Apparatus according to Claim 11, in which the sensor comprises an optical 
biosensor* 



1 3. Apparatus according to any preceding Claim, in which the souad wave is an 
ultrasound wave. 



14. Apparatus substantially as hrrcinbafare desjmbsd with reference to. and as 
shown in, the accompanying drawings. 

15. A method of detecting particles in a fluid comprising the steps of i) passing the 
fluid through a chamber having a first wait comprising a material capable of 
generating a sound wave and a second, opposite wall capable of reflecting the sound 
wave in which the first and second walte define a conduit for the passage of the fluid 
and in which, for a given wavelength of the sound wave, the thickness of the first and 
second walls and the width of the conduit are selected so as to provide for the 
generation of a standing sound wave having a pressure node in The fluid at or adjacent 
the first and/or second wall of the chamber or tha centre of the conduit, ii) generating 
the sound wave and iii) detecting the particles within or shortly after they emerge 
from the conduit 

16. A method according to Claim 15, in which the sound wave is to ultrasound 
wave* 

17. Use of apparatus according to any of Claims 1 to 14, for the detection of the 
presence or extent of a target bacteria in a fluid- 
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ABSTRACT 

Ultrasound standing wave radiation acts on suspensions, emulsions, and colloids to driva the 
dispersed particles (solid particles, bubbles, or oil jrop[gb)_td wards either nodal o^anfrnodal 
positions iQ thfe sound fieltL Using narrow chambers which contain only on* nodal plane we have 
been able to position this pressure, node at: 1) The redactor side wall of a chamber, this has been 
used to draw cefls to a surface tor detection by a biosensor. 2) The centre of the chamber, this has 
b$en combined with manipulation by laminar flow to produce a filter to remove contaminating 
parties. These systems have been cevstoped using a ona-dimonsiana! transfer rflatrix model to 
predict the nods positions and the acoustic energy density in the fluid. The model has bean further 
used to predict chamber designs to which pressure nodes are at 1) the transducer side wall of the 
chamber and 2) both walls of the eft amber. 
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